Introduction {#sec1-1}
============

Many proteins are involved in spinal cord ischemia/reperfusion (I/R) injury, affecting neuronal survival, axonal regeneration and reconstruction of functional synaptic connections in the injured spinal cord. In preliminary studies, we successfully identified differentially expressed proteins in spinal cord tissue after I/R injury and found that the expression of neurofilament protein M (NF-M) was upregulated, indicating that NF-M is involved in the spinal cord I/R injury process. Neurofilament expression is closely related to axonal outgrowth and maintenance of neuronal homeostasis (Wang et al., 2012). In the brain, neurofilament expression maintains axonal growth under normal conditions as well as in injured nerve tissue (Kuhle et al., 2014). In addition, phosphorylated NF is responsible for regulating a variety of biological functions such as axonal transport in neurons (Lee et al., 2011). NF phosphorylation contributes significantly to microtubule stabilization in axons, promoting axonal regeneration (Lobsiger et al., 2005). The aim of the present study was to identify protein expression changes in rabbits with spinal cord I/R injury and explore the correlation between differentially expressed proteins and I/R injury, using immunohistochemistry and western blot analysis.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Thirty male and female clean grade New Zealand white rabbits, 7 months old and weighing 2.30 ± 0.40 kg, were provided by the Laboratory Animal Centre of Jilin University, China (license No. SCXK (Ji) 2011-0006). All rabbits were allowed free access to water and food, and were housed in individual cages at 20°C. The investigations conformed to *the Guide for the Care and Use of Laboratory Animals* published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996), and the protocol was approved by the Institutional Animal Care Committee from Jilin University in China. Rabbits were randomly divided into the following groups, each containing six rabbits: sham, I25minR0, I25minR12h, I25minR24h and I25minR48h.

Establishment of spinal cord I/R injury models {#sec2-2}
----------------------------------------------

Rabbits were anesthetized with xylazine hydrochloride (0.25 mL/kg; Founder Animal Pharmacy, Changchun, China) injected into the thigh muscle, and the lumbar artery was exposed *via* the retroperitoneal approach. Under an operating microscope, the artery at lumbar segments 3--5 (L~3--5~) was blocked for 25 minutes with a vascular clamp and then released. The artery was inspected to ensure that no damage was found, before being revascularized and the arterial pulse was recovered at the distal end of the lumbar artery. The surgical area was sterilized using gentamicin, the abdominal cavity was closed and the wound was sutured. No deaths occurred from arterial injury during the surgery. Once the spinal cord I/R injury model was successfully established, animals were housed individually in a well-ventilated room at 20°C. Artificial abdominal compression was performed to assist defecation. One model rabbit died after surgery from an overdose of anesthesia. When the animals were fully awake after anesthesia, bilateral hindlimb motor functions were evaluated and scored by three physicians blind to experimental treatment, according to Tarlov\'s method (Peştean et al., 2013). The final score was the mean of three recordings, and the animals that scored 2--3 points were used in this study. A high success rate of spinal cord I/R injury model establishment was achieved with the method used. In the sham group, the abdominal aorta was exposed for 25 minutes with no arterial occlusion and the rabbits were killed for tissue analysis. In the I25minR0 group, the rabbits were killed immediately after the 25 minutes of lumbar artery occlusion, with no reperfusion; in the I25minR12h, I25minR24h and I25minR48h groups, the rabbits were killed after 12, 24, and 48 hours of reperfusion, respectively. L~3--5~ arteries were then harvested, frozen in liquid nitrogen and stored at −80°C until use.

Extraction of soluble proteins from spinal cord {#sec2-3}
-----------------------------------------------

The spinal cord tissue was weighed, and 2--4 mL lysate per gram was added. The proteins were extracted using sonication and the liquid nitrogen freeze-thaw method, then centrifuged at 40,000 r/min for 30 minutes, and stored at −70°C. Protein concentration was determined using the Bradford method (Bradford, 1976). After excess liquid was absorbed using filter paper, the specimens were weighed and preserved in liquid nitrogen.

Protein isolation using two-dimensional fluorescent gel electrophoresis {#sec2-4}
-----------------------------------------------------------------------

The proteins were labeled and the first dimension of two-dimensional SDS gel electrophoresis was performed using an IPGphor^™^ isoelectric focusing system, as described previously (Zhu et al., 2010) and according to the manufacturer\'s instructions. Vertical SDS-PAGE electrophoresis was performed using a 17 cm pH3--10 NL IPG strip. The specimens were stained with Coomassie blue R350.

Gel image analysis {#sec2-5}
------------------

Cy3 and Cy5 fluorescent dye-labeled images were digitized with a transmission scanner (Typhoon 9410; GE Amersham Biosciences, Santa Clara, CA, USA). The resulting spectrum was analyzed using DeCyder v.5.02 software (GE Amersham Biosciences) and the protein spots were compared after image background subtraction, point testing and matching. Proteins with more than twofold difference in expression level were analyzed with mass spectrometry.

Identification of proteins using peptide mass fingerprinting {#sec2-6}
------------------------------------------------------------

The differentially expressed proteins were cut from the gel, the gel pieces were destained, and the matrix was dissolved by adding 100 μL acetonitrile. The samples were freeze dried at 20°C for 20 minutes, then incubated in 0.01 μg/μL enzyme solution at 37°C overnight. They were lyophilized in 100 μL of 5% trifluoroacetic acid at −20°C, before 0.6 μL of each sample was injected into a TofSpec reflection matrix-assisted laser desorption/ionization time-of-flight mass spectrometer (MALDI-TOF-MS; Thermo Finnigan, San Jose, USA) using NH~4~-acetic acid buffer and dithiothreitol. Reflection scanning was performed using MALDI-TOF-MS (Merlos Rodrigo et al., 2014) in the 700--4,000 Da range, with the laser energy set at 5,000 V and 5,500 V. The matched proteins were identified in the NCBInr database (prowl.rockefeller.edu/cgi-bin/ProFound).

NF-M immunohistochemistry {#sec2-7}
-------------------------

Rabbit L~3--5~ spinal cord specimens were stained with hematoxylin-eosin and made into paraffin sections, which were then dewaxed, hydrated, and antigen-retrieved. The sections were then incubated with rat anti-rabbit NF-M monoclonal antibody (1:150; Invitrogen, Carlsbad, CA, USA) at 37°C for 2 hours, and rinsed with PBS three times for 5 minutes each time, before being incubated with horseradish peroxidase-conjugated goat anti-rat IgG (1:50; Abcam, Cambridge, UK) and peroxidase complex at room temperature for 30 minutes. After three PBS washes, the sections were developed using DAB and mounted with neutral gum, and the brown positive-stained particles were counted in six randomly selected high-power fields under an optical microscope (Olympus, Nagano, Japan). The percentage of positive cells was calculated and graded according to a 5-level scale: \< 10% (−); 10--25% (±); 25--50% (+); 50--75% (++); \> 75% (+++).

NF-M western blot analysis {#sec2-8}
--------------------------

Rabbit L~3--5~ spinal cord tissue was frozen in liquid nitrogen until use. The tissue was homogenized ultrasonically in 400 μL protease inhibitor cocktail (Abcam, Cambridge, UK). The homogenate was centrifuged at 4°C for 5 minutes at 12,000 r/min, and stored at −20°C after the supernatant was discarded. Protein concentration was measured using Coomassie blue staining. A 15% separating gel was prepared and injected into a vertical glass sandwich, and a 5% stacking gel was added on top. The gels were placed in the electrophoresis tank, and samples containing 50 μg proteins or 10 μL pre-staining marker were loaded for electrophoresis. The proteins were transferred to nitrocellulose membranes at 100 V, 250 mA, 4°C for 2.5 hours, and blocked with fetal bovine serum for 1 hour. The samples were then incubated with rat anti-rabbit NF-M monoclonal antibody (1:150; Invitrogen) and rat anti-rabbit GAPDH monoclonal antibody (1:150; EarthOx, San Francisco, CA, USA) at room temperature for 2 hours, and rinsed with Tris buffered saline + Tween 20 twice for 10 minutes each, and with Tris buffered saline for 10 minutes. Finally, the samples were incubated with goat anti-rat IgG (1:3,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C for 1 hour. The protein signal was visualized using an ECL kit (Invitrogen) and Quantity One Software (Bio-Rad, Hercules, CA, USA) was used to quantify the protein band density (optical density) on the X-ray films. The expression level of NF-M was calculated as the optical density ratio of NF-M to GAPDH.

Statistical analysis {#sec2-9}
--------------------

Data were expressed as the mean ± SEM and analyzed with one-way analysis of variance using SPSS 13.0 software (SPSS, Chicago, IL, USA). *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Differentially expressed proteins in rabbits with spinal cord I/R injury detected by two-dimensional gel image analysis {#sec2-10}
-----------------------------------------------------------------------------------------------------------------------

Two-dimensional fluorescent gel electrophoresis showed that, compared with the sham group, the greatest differences in fluorescence occurred in spinal cord tissue from the I25minR24h group, in which 29 proteins were differentially expressed ([**Figure 1**](#F1){ref-type="fig"}). Expression was lower in 26 protein spots and more than twofold greater in the remaining three proteins. These three proteins were cut from the gels ([**Figure 2A**](#F2){ref-type="fig"}) and their peptide fragment sequences were analyzed and screened in the NCBI and rabbit protein databases (**Figure** [**2B**](#F2){ref-type="fig"}, [**C**](#F2){ref-type="fig"}). They were identified as NF-M, α-tubulin and fascin actin-bundling protein 1 (FASCN1).

![Two-dimensional fluorescence electrophoresis analysis comparing protein expression in rabbits with and without spinal cord ischemia/reperfusion (I/R) injury.\
(A) Two-dimensional fluorescence electrophoresis analysis of 10 μL sample (pH 8.0--9.0, final concentration 5 mg/mL) of I25minR24h group.\
(B) I25minR24h group, showing protein spots with ≥ twofold difference from sham. A total of 29 differentially expressed proteins were found.](NRR-9-1672-g001){#F1}

![Protein fingerprinting.\
(A) The most obvious different spots are between I0minR0h and I25minR24h groups by paired experiments, we finally selected I25minR24h for electrophoresis (Cy3 and Cy5 fluorescence scanning). Cy3 and Cy5 are different fluorescent probes (B, C). Different protein spots were detected in the polyacrylamide gel by DeCyder software.](NRR-9-1672-g002){#F2}

NF-M expression in rabbit spinal cord after I/R injury {#sec2-11}
------------------------------------------------------

Immunohistochemical analysis showed that NF-M expression in the spinal cord tissue was twofold greater in the I25minR0h and I25minR48h groups than in the sham group, threefold greater in the I25minR12h group, and fourfold greater in the I25minR24h group (**Figure** [**3A**](#F3){ref-type="fig"}--[**E**](#F1){ref-type="fig"}), consistent with proteomics results. NF-M expression reached a peak after 24 hours of reperfusion. NF-M was expressed in somal and axonal membranes ([**Figure 3F**](#F3){ref-type="fig"}), and the percentage of immunopositive cells in the gray matter was significantly higher than that in the white matter, but there was no significant difference between anterior and posterior horn (data not shown).

![Neurofilament protein M expression in rabbit spinal cord after ischemia/reperfusion (I/R) injury (immunohistochemistry).\
(A) Sham group; (B) I25minR0 group; (C) I25minR12h group; (D) I25minR24h group; (E) I25minR48h group; (F) higher magnification image from the I25minR24h group showing neurofilament protein M expression in the neuronal membrane and axon. Arrows showed neurofilament protein M immunopositive cells. Original magnification: A--E, × 200; F, × 400.](NRR-9-1672-g003){#F3}

NF-M phosphorylation in spinal cord tissue of rabbits after I/R injury {#sec2-12}
----------------------------------------------------------------------

Western blot analysis revealed that NF-M protein expression was upregulated in the I/R process, peaking after 24 hours of reperfusion, before decreasing. The phosphorylated NF-M proteins showed similar expression changes ([**Figure 4**](#F4){ref-type="fig"}), peak expression also occurring at 24 hours of reperfusion (*P* \< 0.05). Previous proteomics studies found that upregulated NF-M was shifted transversely, at the same molecular weight level, indicating that the protein was phosphorylated in the spinal cord injury process (de Groot et al., 2006). Our findings suggest that NF-M proteins are neuroprotective in rabbits with spinal cord I/R injury, and that this protective effect is achieved through NF-M phosphorylation.

![Neurofilament protein M (NF-M) phosphorylation in rabbit spinal cord tissue after ischemia/reperfusion (I/R) injury.\
Protein expression of NF-M and phosphorylated NF-M increased during the spinal cord I/R injury process. Peak expression occurred at 24 hours of reperfusion. Data are expressed as the optical density ratio of NF-M to GAPDH (mean ± SEM; *n* = 3). The difference between groups was com-pared using one-way analysis of variance. \**P* \< 0.05, *vs*. other groups.](NRR-9-1672-g004){#F4}

Discussion {#sec1-4}
==========

NF-M is a major component in the mature neuronal cytoskeleton (Carter et al., 1998). It also plays an important role in the development and maturation of the nervous system, and is involved in neuronal recovery in neurodegenerative diseases (Blizzard et al., 2013). However, the role of NF-M in spinal cord I/R injury is rarely reported. Compared with the traditional two-dimensional electrophoresis method, two-dimensional fluorescence gel electrophoresis is more reliable in identifying differentially expressed proteins, owing to small sample consumption, good repeatability, high matching rate, sensitive signals and easy image presentation (Tannu and Hemby, 2006). The present study showed that NF-M expression in spinal cord tissue was notably upregulated 24 hours after reperfusion began, indicating that NF-M is involved in the spinal cord I/R injury process, in particular at 24 hours post-reperfusion. In two-dimensional gel electrophoresis, NF-M was located at different positions within the same molecular weight level, suggesting that NF-M was phosphorylated in the spinal cord I/R injury process (Deng et al., 2008). Previous studies demonstrated that phosphorylation of NF proteins was associated with neuronal regulation and played an important role in NF translocation, morphology and function (Minoura et al., 2013; Xiong et al., 2013). Wataya et al. (2002) highlighted the importance of phosphorylated NF-M in protecting the neurites in rat sciatic nerve, and Zhu et al. (2002) showed that NF-M is involved in axonal growth.

Immunohistochemistry is a sensitive method for the localization of target proteins. Using immunohistochemistry, we showed that the percentage of NF-M positive particles was greatest 24 hours after reperfusion began, supporting the results obtained in our proteomics analysis. NF-M positive particles were mainly distributed in the gray matter of the spinal cord, and located in the membrane and cytoplasm of neuronal cell bodies and axons. The distribution of NF-M was not significantly different between the anterior and posterior horns. Together, this evidence indicates that the upregulation of NF-M expression contributes to the protection and restoration of spinal cord neurons and axons during the reperfusion process after ischemia.

Consistent with our proteomics and immunohistochemistry results, western blot analysis demonstrated that NF-M expression was greatest at 24 hours of reperfusion. Expression of phosphorylated NF-M was the same as that of unmodified NF-M in the spinal cord I/R injury process. Neurofilament phosphorylation plays an important role in neurofilament translocation, morphology and function, and is also involved in the pathogenesis of some neurodegenerative diseases (Holmgren et al., 2012). Tashiro et al. (1994) found that neurofilament phosphorylation stabilized axonal microtubules, and thus promoted axonal regeneration in the rat sciatic nerve. Taking into consideration our present results, we speculate that phosphorylation of NF-M is the mechanism by which this important protein exerts its neuroprotective effects in spinal cord I/R injury.

In summary, using proteomics, immunohistochemistry and western blot analysis, we provide evidence supporting a newly discovered role of NF-M phosphorylation in spinal cord I/R injury.
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